Carrillo-Reid L, Tecuapetla F, Vautrelle N, Hernández A, Vergara R, Galarraga E, Bargas J. Muscarinic enhancement of persistent sodium current synchronizes striatal medium spiny neurons. J Neurophysiol 102: 682-690, 2009. First published May 27, 2009 doi:10.1152/jn.00134.2009. Network dynamics denoted by synchronous firing of neuronal pools rely on synaptic interactions and intrinsic properties. In striatal medium spiny neurons, N-methyl-D-aspartate (NMDA) receptor activation endows neurons with nonlinear capabilities by inducing a negative-slope conductance region (NSCR) in the current-voltage relationship. Nonlinearities underlie associative learning, procedural memory, and the sequential organization of behavior in basal ganglia nuclei. The cholinergic system modulates the function of medium spiny projection neurons through the activation of muscarinic receptors, increasing the NMDA-induced NSCR. This enhancement is reflected as a change in the NMDA-induced network dynamics, making it more synchronous. Nevertheless, little is known about the contribution of intrinsic properties that promote this activity. To investigate the mechanisms underlying the cholinergic modulation of bistable behavior in the striatum, we used whole cell and calciumimaging techniques. A persistent sodium current modulated by muscarinic receptor activation participated in the enhancement of the NSCR and the increased network synchrony. These experiments provide evidence that persistent sodium current generates bistable behavior in striatal neurons and contributes to the regulation of synchronous network activity. The neuromodulation of bistable properties could represent a cellular and network mechanism for cholinergic actions in the striatum.
I N T R O D U C T I O N
The cholinergic system has been associated with memory processes in the striatum (Calabresi et al. 2000; Kim et al. 2007 ) and in other brain regions (Dickson et al. 2000; Hasselmo and Giocomo 2006) . The striatum displays a dense staining for cholinergic markers (Holt et al. 1997) . Activation of the cholinergic system synchronizes striatal neurons, endowing cell assemblies with computational properties related to memory-storage capabilities (Carrillo-Reid et al. 2009 ). Cholinergic interneurons modulate the function of medium spiny projection neurons (MSNs) through the activation of muscarinic receptors controlling voltage-dependent ionic currents and synaptic terminals (Galarraga et al. 1999; PerezRosello et al. 2005; Shen et al. 2005) . During memory consolidation there is an increase in striatal acetylcholine (ACh) levels (Aosaki et al. 1994) , enabling a temporal window for procedural learning to take place. However, the intrinsic mechanisms underlying the change of network dynamics that could represent memory processes mediated by cholinergic actions are poorly understood.
N-Methyl-D-aspartate (NMDA) receptors play a critical role in postsynaptic integration due to their unique voltage-dependent characteristics (Kepecs and Raghavachari 2007; Schiller and Schiller 2001) . The activation of these receptor channels generates a current-voltage relationship (I-V plot) with a negative-slope conductance region (NSCR) initiated by a relief of magnesium block (Nowak et al. 1984) and supported by synaptic and intrinsic channels (e.g., Flores-Barrera et al. 2009; Tseng et al. 2007; Vergara et al. 2003) . The NSCR has been associated with the nonlinear processing of synaptic information (Schiller and Schiller 2001) producing synchronization, bursting, and voltage transitions between membrane potentials (Carrillo-Reid et al. 2008; Hsiao et al. 1998; Vergara et al. 2003) .
Plateau potentials and bursting-like oscillations resulting from bistable properties are maintained by intrinsic ionic channels such as slowly inactivating calcium currents (Guertin and Hounsgaard 1998; Hsiao et al. 1998; Ibáñez-Sandoval et al. 2007; Vergara et al. 2003) or persistent sodium currents (Golomb et al. 2006; Peña et al. 2004; Rekling and Feldman 1997; Tian et al. 1995) . In medium-sized neostriatal neurons a tetrodotoxin (TTX)-sensitive persistent sodium conductance has been described (Cepeda et al. 1995) . Besides rapidly inactivating sodium currents that produce action potentials, there are persistent sodium currents that participate in the generation of plateau potentials and repetitive firing. The persistent sodium conductance is modulated by dopamine and could play a role in membrane potential oscillations (Cepeda et al. 1995) . Nevertheless the cholinergic actions on the TTXsensitive persistent sodium current of MSNs have not been described.
We used whole cell recordings and calcium-imaging techniques to investigate the cholinergic modulation of bistable properties and network dynamics in striatal MSNs. We found that muscarinic receptor activation increased the NSCR induced by NMDA receptor activation. This NSCR facilitation is associated with an enhancement of persistent sodium currents. We show that the muscarinic enhancement of bistable properties in striatal MSNs increases neuronal synchronization (Carrillo-Reid et al. 2009 ) through an intrinsic persistent sodium current. The present data add to previous reports suggesting that the isolated striatal microcircuit could generate a diverse repertoire of structured dynamics represented by different be-havioral states (Carrillo-Reid et al. 2008 Mahon et al. 2006; Stern et al. 1997; Tecuapetla et al. 2007; Vautrelle et al. 2009; Vergara et al. 2003; Yin et al. 2009 ). Thus there exist diverse ways to generate bistable behavior by the functional modulation of both intrinsic properties and synaptic connections.
M E T H O D S

Slice preparation
Transverse corticostriatal slices (300-m thickness) were obtained from postnatal day 14 (PD14) to PD18 Wistar rats as previously described (Carrillo-Reid et al. 2008; Vergara et al. 2003) . All procedures conformed to the guidelines of the Animals Scientific Procedures Committee of UNAM. Slices were obtained with ice-cold saline (4°C) containing (in mM): 123 NaCl, 3.5 KCl, 1 MgCl 2 , 1 CaCl 2 , 26 NaHCO 3 , and 11 glucose (25°C; saturated with 95% O 2 -5% CO 2 ; pH ϭ 7.4; 298 mOsm/l). Slices were then transferred to saline at room temperature (21-25°C), where they remained for Ն1 h before recording.
Calcium imaging
Slices were incubated at room temperature in the dark for 20 min in the presence of 10 M Fluo-4 AM (Tef Labs, Austin, TX) in 0.1% dimethylsulfoxide, equilibrated with 95%O 2 -5%CO 2 . Slices were perfused with control saline (see preceding text) in perfusion chamber on the stage of an upright microscope equipped with a ϫ10 waterimmersion objective (Eclipse E600FN; Nikon, Melville, NY). Excitation at 488 nm was performed with a Lambda LS illuminator (Sutter Instruments, Novato, CA). Experiments were performed at room temperature.
Images were acquired with a cooled digital camera (CoolSNAP ES2, Photometrics; Roper Scientific, Tucson, AZ) at 250 ms/frame. Imaging software used was RS Image (Photometrics). The imaged field was 800 ϫ 600 m in size. Short movies (200 s and 80-ms exposure) were taken at different pharmacological conditions.
Drugs
Stock solutions were prepared before each experiment and added to the perfusion solution in the final concentration indicated. NMDA, muscarine chloride, biocytin, riluzole, eserine, TTX, atropine sulfate, and diphenylhydantoin were obtained from Sigma (St. Louis, MO). Vinpocetine was obtained from Tocris (Ellisville, MO). Muscarinic toxin 7 (MT-7) was purchased from Peptides International (Louisville, KY).
Optical and electrical recordings
Calcium-imaging or electrophysiological recordings were obtained from areas of the dorsal striatum previously shown as receiving numerous cortical fibers (Carrillo-Reid et al. 2008; Vergara et al. 2003) . It was previously shown that the firing of more than one action potential is needed to produce detectable calcium transients in neostriatal neurons (Carrillo-Reid et al. 2008 ). An Axoclamp 2B amplifier (Axon Instruments, Foster City, CA) was used to perform whole cell voltage-clamp recordings. Voltage steps or voltage-ramp commands were used to perform current-voltage relationships (Vergara et al. 2003) .
Signals were filtered at 1-3 kHz and digitized at 3-9 kHz with an AT-MIO-16E4 board (National Instruments, Austin, TX) in a PC computer. Data acquisition used a software designed in the LabVIEW environment (Lemus-Aguilar et al. 2006). Patch pipettes (3-6 M⍀) were filled with (in mM): 115 KH 2 PO 4 , 2 MgCl 2 , 10 HEPES, 0.5 EGTA, 0.2 Na 2 ATP, and 0.2 Na 3 GTP. In some experiments, biocytin 0.5% and Fluo-4 salt (20 M) were added to the recording pipettes.
Image analysis
Image processing was carried out with Image J (v. 1.36, National Institutes of Health) and custom-made programs (Cossart et al. 2003; Mao et al. 2001; Schwartz et al. 1998) .
All active neurons in a field were semiautomatically identified and their mean fluorescence was measured as a function of time. Singlepixel noise was discarded using a 5-pixel ratio mean filter. Calciumdependent fluorescence signals were computed as (Fi Ϫ Fo)/Fo, where Fi is fluorescence intensity at any frame and Fo is resting fluorescence.
Calcium signals elicited by action potentials were detected based on a threshold value given by their first time derivative (2.5SD of the noise). Recordings were inspected manually to remove artifacts (Ikegaya et al. 2005; Sasaki et al. 2007 ).
Statistical methods
To determine whether calcium transients recorded from different cells were correlated, the numbers of simultaneous activations per trial were detected. To determine the P value of simultaneous transients occurring by chance, the distribution under the null hypothesis of independent transients using Monte Carlo simulations with 1,000 replications was computed (Mao et al. 2001 ).
In addition, we identified the sets of cells activated simultaneously over time. To identify peaks of synchronous activity (i.e., that included more cells than those expected by chance), Monte Carlo simulations were also used to estimate the significance of their firing together. The threshold corresponded to a significance level of P Ͻ 0.005. Peaks of synchrony that remained significant during the experiment were selected for further analysis.
R E S U L T S
Enhancement of bistable properties induced by muscarinic receptor activation
Activation of NMDA receptor channels endows neurons with a rich variety of nonlinear capabilities that constitute the basis of network computations and memory processes (Izhikevich 2007; Schiller and Schiller 2001) . In MSNs (Fig. 1A) , addition of NMDA (5-10 M) generates an NSCR in the steady-state current-voltage relationship (I-V plot), so that this curve acquires three crossing points through the voltage axis at zero current (cf. Fig. 1 , B1, B2, and C, filled circles and gray empty circles). This change is associated with an enhancement of evoked discharge (cf. Fig. 1 , D1 and D2). Because the cholinergic system regulates the NMDA receptor activity in neostriatal neurons (Calabresi et al. 1998) , we investigated the muscarinic modulation of the NMDA-induced NSCR by muscarine (1-5 M). Muscarinic receptor activation enhanced the NSCR and at the same time decreased inward rectification (cf. Fig. 1 , B2, B3, and C, gray empty circles and black empty circles). The muscarinic enhancement of the NSCR could be due to a reduction in K ir 2 rectifier, Ca 2ϩ -activated and KCNQtype K ϩ currents (Galarraga et al. 1999; Perez-Rosello et al. 2005; Shen et al. 2005) , or by direct action on NMDA receptor channels themselves (Calabresi et al. 1998 ). This change is reflected in an increased evoked depolarization, driving the cell into depolarization block so that fewer action potentials are evoked with the same depolarizing stimulus (cf. Fig. 1 , D2 and D3) (e.g., Golomb et al. 2006 ). Activation of NMDA receptors generates membrane potential oscillations in about 10 -20% of medium spiny neurons (Carrillo-Reid et al. 2008; Vergara et al. 2003) and, under these conditions, muscarinic modulation modifies the spontaneous bursting induced by NMDA (Fig.  1E ). Similar changes in firing pattern induced by muscarine can also be observed in pyramidal and other neurons, under comparable circumstances (e.g., Carette 1998; Funahashi and Stewart 1998; Golomb et al. 2006; Herrling et al. 1983 ). Next, we searched into the ionic mechanisms that promote this enhancement of the NSCR to see whether, besides the previously described mechanisms associated with muscarinic receptor activation (Calabresi et al. 1998; Galarraga et al. 1999; PerezRosello et al. 2005; Shen et al. 2005) , there was a particular class of inward current that is involved in the facilitation of the NSCR.
Muscarinic enhancement of the NSCR is specific and reversible
We performed a voltage-clamp analysis of the currentvoltage relationship (I-V plots) in MSNs under different pharmacological conditions (see Fig. 1 , B and C; see METHODS). In the subthreshold voltage range, muscarinic receptor activation (addition of 1-5 M muscarine without NMDA) blocked the inward rectification only in MSNs (Galarraga et al. 1999) but did not create, by itself, an NSCR ( Fig. 2A ; n ϭ 10). Muscarine enhanced only the NSCR previously induced by bath application of NMDA (5-10 M; Fig. 2B ) and thus the neuronal responses depend on the previous state of the network (Carrillo-Reid et al. 2009 ). Note, however, that besides enhancing inward current associated with the NSCR, muscarine induces a leftward shift in the second crossing point through the voltage axis at zero current, from Ϫ52 Ϯ 7 mV in NMDA to Ϫ72 Ϯ 5 mV in NMDA plus muscarine (n ϭ 6; P Ͻ 0.03). These changes did not involve an indirect effect because the muscarinic receptor antagonist, atropine (5 M), in the presence of NMDA plus muscarine, reversed the enhancement of the NSCR ( Fig. 2C ; n ϭ 8).
To investigate the muscarinic receptor subtype involved in the enhancement of the NSCR we used the muscarinic toxin 7 (MT-7; 25 nM), which is a specific antagonist for muscarinic M 1 -receptors. Blockade of M 1 -receptors reversed the enhancement of the NSCR induced by muscarine ( Fig. 2D ; n ϭ 4). Thus M 1 -receptor activation enhanced the NSCR induced by NMDA.
Calcium and sodium components in the NSCR induced by NMDA and muscarine
To investigate the participation of calcium and sodium inward currents in the shaping of the NSCR induced by NMDA plus muscarine, we added 100 M Cd 2ϩ to neurons exhibiting a facilitated NSCR in their I-V plot (Fig. 3A) . We used Cd 2ϩ to block the potential participation of all types of calcium currents (Perez-Rosello et al. 2005) in the NSCR. Figure 3A shows that in contrast with the NSCR induced by (2), and after the application of muscarine (3); intracellular current injection (4). Note the increase in depolarization and frequency evoked by NMDA and further depolarization with spike inactivation induced by muscarine. E: spontaneous bursting induced by NMDA and NMDA ϩ muscarine. Note increased burst frequency during muscarine; at these agonist concentrations there was spike inactivation during some bursts.
NMDA only (Vergara et al. 2003) , in the presence of both transmitters, NMDA plus muscarine, Cd 2ϩ could no longer completely block the inward current (Fig. 3A) . Moreover, the second crossing point that initiates the NSCR in the voltage axis remained shifted to the left, even if the inward current was reduced, suggesting that a persistent component of Na ϩ and not of Ca 2ϩ current may be responsible (Cepeda et al. 1995) . blockade of calcium currents by adding 100 M cadmium to the bath saline in the presence of NMDA ϩ muscarine and atropine, abolished the NSCR, confirming that the NSCR induced by NMDA is mainly mediated by intrinsic calcium channels (Vergara et al. 2003) and that the muscarine-induced component is not. C: in the presence of NMDA, muscarine, and cadmium, addition of 1 M tetrodotoxin (TTX) abolished the muscarinic component of NSCR, disclosing a Na ϩ current as the remaining inward current in these conditions. D: in the presence of NMDA, muscarine, and TTX addition of 100 M cadmium abolished all remaining NSCR. Thus the muscarine-enhanced NMDA-induced NSCR has 2 components: one mediated by calcium currents revealed with NMDA only and remaining when muscarinic receptors are blocked (B), and the other mediated by sodium currents, present when muscarinic receptors are activated (C).
Nevertheless, if atropine (5 M) was added to muscarine, the NSCR induced by NMDA could be completely blocked by 100 M Cd 2ϩ , confirming that NMDA-induced NSCR is generated only by intrinsic Ca 2ϩ inward currents (Fig. 3B ), especially Ca V 1 Ca 2ϩ channels (Vergara et al. 2003 ). On the other hand, if the NSCR induced by NMDA plus muscarine was first partially blocked by Cd 2ϩ , the remaining NSCR (e.g., Fig. 1C ) could be totally blocked by 1 M TTX (Fig. 1C) . That is, both Ca 2ϩ and Na ϩ inward currents have to be blocked ( Fig. 3D ; 100 M Cd 2ϩ and 1 M TTX) to abolish all NSCR induced by NMDA plus muscarine (Fig.  3 , C, n ϭ 6 cells and D, n ϭ 7 cells), suggesting that both Ca 2ϩ and Na ϩ currents make up the inward current that shapes the NSCR in the presence of both NMDA and muscarine.
Persistent sodium current underlies the enhancement of the NSCR mediated by muscarinic modulation
Noticeably, a NSCR could be induced in MSNs by 100 nM veratridine ( Fig. 4A ; n ϭ 8 cells), showing that there are available Na ϩ channels that could be activated by muscarine (Cepeda et al. 1995; Golomb et al. 2006; Hsiao et al. 1998; Leibowitz et al. 1986; Tian et al. 1995) . To test this, we applied several blockers of persistent sodium currents: vinpocetine (10 -50 M), TTX (1 M), and phenytoin (10 -50 M) in the presence of both NMDA and muscarine. Figure 4B illustrates a representative example using TTX (1 M), which inhibited intrinsic sodium currents (n ϭ 6 cells) without affecting the Ca 2ϩ component of the NMDA-induced NSCR. In addition, note that the TTX rules out indirect synaptic actions explaining this modulation. In all cases, persistent Na ϩ current blockers were equivalent to muscarinic antagonists (cf . Figs.  2, C and D and 4, B and C) , in that they reversed the facilitation of the NSCR induced by muscarinic receptor activation in MSNs in the presence of NMDA. Another representative example illustrates vinpocetine (20 M) reversing the muscarinic enhancement of the NMDA-induced NSCR ( Fig. 4C; n ϭ 6 cells) . On the other hand, the reverse experiment-activation of muscarinic receptors in the presence of sodium current blockers-did not change the NMDA-induced NSCR ( Fig. 4D ; n ϭ 5). That is, Na ϩ current blockers occlude the muscarinic enhancement of the NSCR. Moreover, the particular burst shapes induced by NMDA plus muscarine (Golomb et al. 2006 ) are blocked by atropine (5 M) without stopping NMDA-induced bursting (Fig. 4E) . Finally, under these conditions, persistent Na ϩ current blockers such as phenytoin (20 M) had no effect on NMDA-induced membrane potential oscillations (Fig. 4E) . A: application of 100 nM veratridine in control conditions was capable of inducing a NSCR, supporting the availability of persistent Na ϩ channels to sustain the muscarinic modulation presented here. B: blockade of sodium current (1 M TTX) reversed the muscarinic enhancement of the NSCR (cf. Fig. 3C ). C: blockade of the persistent sodium current by 20 M vinpocetine reversed the muscarinic enhancement of the NSCR, demonstrating the muscarinic modulation of a persistent sodium current in medium spiny neurons. D: in the presence of NMDA and TTX, the action of muscarinic receptors activation was occluded; there was no further effect in the NSCR. E: spike inactivation during bursting induced by NMDA ϩ muscarine is prevented with atropine (5 M). Note that phenytoin (20 M) had no effect in the NMDAinduced membrane potential oscillations of medium spiny neurons.
Thus the muscarinic-induced facilitation of bistable properties produced by NMDA is due to enhancement of a persistent Na ϩ current.
Blockade of the persistent sodium current reverses the muscarinic enhancement of the striatal synchrony
We next investigated the contribution of the persistent sodium current enhanced by muscarinic modulation to striatal network dynamics. The emergence of neuron pools firing synchronously with activity traveling repeatedly from one neuron pool to the other reveals network dynamics (Carrillo-Reid et al. 2008 Cossart et al. 2003) . Activation of NMDA receptors produces network dynamics in the striatal microcircuit (Carrillo-Reid et al. 2008; Vergara et al. 2003) . Furthermore, muscarinic receptor activation in neostriatal neurons increases network synchrony and the number of closed Hebbian-like pathways for the travel of synchronous activity (Carrillo-Reid et al. 2009 ). Using calcium imaging to simultaneously record dozens of neurons (Fig. 5, A-C) , we demonstrated that the activation of the cholinergic system increases the numbers of synchronous peaks per epoch from 3 Ϯ 1 in NMDA to 10 Ϯ 3 in NMDA plus muscarine ( Fig. 5E ; P Ͻ 0.001; n ϭ 20 slices). The increased network synchrony is mediated by the cholinergic system because atropine returned the network synchronization to the initial conditions ( Fig. 5E ; n ϭ 12 slices; also see Supplemental Blockade of persistent sodium currents (with 10 -50 M riluzole or 10 -50 M phenytoin) switched the muscarinic enhancement of network synchronization to the conditions with NMDA only, similar to atropine actions (Fig. 5E ). That is, Na ϩ persistent current blockade also reversed the muscarinic synchronization of the network.
Since persistent sodium channel blockers are commonly used as anticonvulsants because they block synchronous activity, we investigated the role of persistent sodium currents in the network activity induced by NMDA only. Under these conditions persistent sodium blockers had no effect in the synchronous activity of the network ( Fig. 5E; n ϭ 12) , demonstrating that the NMDA-induced network activity is mainly mediated by Ca 2ϩ currents (Carrillo-Reid et al. 2008; Vergara et al. 2003) . Note that numbers of synchrony peaks increase during muscarine and decrease after phenytoin. E: histogram summarizing the results from experimental samples. Muscarine increased significantly the number of synchrony peaks (***P Ͻ 0.001). In the presence of NMDA and muscarine, atropine (5 M) and different persistent sodium current blockers reversed the synchrony induced by muscarinic receptor activation. Note that persistent sodium current blockers had no effect in the striatal synchrony induced by NMDA, demonstrating that the NMDA-induced network dynamics is mainly mediated by calcium channels. that could be reversed by blocking the persistent sodium current.
Calcium and persistent sodium currents during bistable membrane behavior
Persistent sodium currents are associated with bistable membrane properties in respiratory neurons (Peña et al. 2004 ), pyramidal neurons (Golomb et al. 2006; Tian et al. 1995) , swallowing motoneurons (Rekling and Feldman 1997) , hypoglossal motoneurons (Rekling and Laursen 1989) , and others. On the other hand, bistable properties mediated by calcium currents have been reported in trigeminal motoneurons (Hsiao et al. 1998) , subtantia nigra pars reticulata neurons (Ibáñez-Sandoval et al. 2007) , spinal motoneurons (Guertin and Hounsgaard 1998), medium spiny neurons (Carrillo-Reid et al. 2008; Vergara et al. 2003) , and others. In fact, the ionic nature of the voltage transitions manifested during bistable membrane behavior may vary depending on the brain state (Vautrelle et al. 2009 ), which in turn depends on the actions of neuromodulators.
Under certain circumstances, the dopaminergic and cholinergic systems may have antagonist effects; thus an increase in dopamine enhances calcium currents (Hernandez-Lopez et al. 1997 , 2000 , while at the same time reduces the persistent sodium current in MSNs neurons (Cepeda 1995), thus promoting a network state mainly mediated by calcium channels. On the other hand, an increase in the cholinergic tone decreases calcium currents ), but at the same time enhances a persistent sodium conductance inducing a network state that relies on Na ϩ currents. Not surprisingly, activation of the dopaminergic system is associated with reward-motivated learning and improvement of task execution (Schultz 1994) , whereas activation of the cholinergic system is associated with memory consolidation (Calabresi et al. 2000; Carrillo-Reid et al. 2009; Kim et al. 2007 ).
There is a functional reconfiguration of high-voltage-activated calcium channels during aging in striatal projection neurons (Martella et al. 2008; Salgado et al. 2005) . Also, persistent sodium currents tend to increase with age (Huguenard et al. 1998; McCormick and Prince 1987) . However, the fact that striatal network dynamics could be observed over a wide range of ages indicated a robust mechanism for this network behavior (Carrillo-Reid et al. 2008; Flores-Barrera et al. 2009 ). Nevertheless, further studies are needed to determine the contribution of specific calcium and sodium components over the life span.
Functional states appear to be driven by specific ionic currents in principal neurons, modulated by different neurotransmitters in diverse ways. Therefore a systematic organization of these findings may have relevant therapeutic implications.
Physiological significance
During learning processes cholinergic interneurons are extensively recruited (Aosaki et al. 1994 ). The enhanced coordination of such neurons could induce a temporal window with high levels of ACh, increasing the synchrony between MSNs. Under these conditions different patterns of activity could be composed from the existing ones ( Activation of persistent Na ϩ currents have been implicated in the enhancement of synchronous activity linked to memory and cognition in cortical circuits (e.g., Agrawal et al. 2001; Llinás et al. 1991) . In particular, bursting such as that presented here has been related to high-frequency ␥-oscillations (e.g., Funahashi and Stewart 1998), known to be commonly induced by the cholinergic system (e.g., Dickson et al. 2000) . Both experimental data and modeling results coincide on two main intrinsic mechanisms to generate this type of bistability: blockade of KCNQ/M-type of K ϩ current and facilitation of a persistent component of Na ϩ currents (Golomb et al. 2006 ). These characteristics are present in MSNs (Cepeda et al. 1995; Shen et al. 2005 ) and the present work shows that both are facilitated by muscarinic modulation. Therefore although further experimental work and appropriate modeling are necessary to better support this hypothesis, the stage is set for explaining the movement facilitating high-frequency synchronizing activity in the neostriatum (Hutchinson et al. 2004 ). In fact, increased neuronal synchrony could be induced by the muscarinic enhancement of persistent sodium currents. This enhancement could represent a cellular mechanism for network synchronization during activation of the striatal cholinergic system. Nevertheless, modulation of other synaptic and intrinsic ion channels may also help to facilitate network synchronization (Calabresi et al. 1998; Galarraga et al. 1999; PerezRosello et al. 2005; Shen et al. 2005 ).
An interesting output induced by NMDA receptor activation is the production of bistable behavior in MSNs (Vergara et al. 2003) . Neurotransmitters may regulate this bistable behavior through the modulation of ionic currents that underlie it. Since this bistable behavior may be related to locomotor activity (Ossowska and Wolfarth 1995; Vautrelle et al. 2009 ), memory processes (Carrillo-Reid et al. 2009; Pomata et al. 2008) , and circuitry activity (Carrillo-Reid et al. 2009) , it is logical to conclude that one explanation of how neurotransmitters control behavioral states may in part be explained by this mechanism.
